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Objectives. The aim of the present study was to measure the polymerization shrinkage, 
modulus, and shrinkage stress of bulk-fill and conventional composites during 
polymerization and to investigate the relationship between tooth-composite interfacial 
debonding and polymerization shrinkage stress of the composites.  
 
Methods. Polymerization shrinkage, dynamic modulus, and shrinkage stress of two non-
 
flowable bulk-fill: SonicFill (SF) and Tetric N-Ceram Bulk-Fill (TNB); two flowable bulk-
fill: Filtek Bulk-Fill (FB) and SureFil SDR Flow (SDR); one non-flowable conventional: 
Filtek Z250 (Z250); and one flowable conventional: Filtek Z350 XT Flowable (Z350F) 
composites were measured using custom-made instruments. Acoustic emission (AE) 
analysis was performed to evaluate the tooth-composite interfacial debonding during 
polymerization of the composites in Class 1 cavities on extracted third molars. 
 
Results. Polymerization shrinkage (%) of Z350F (3.53) at 10 min was the highest, followed 
by FB (3.05), SDR (2.99), TNB (2.22), Z250 (2.09), and SF (2.05). Complex shear modulus 
(MPa) after 20 s of light-curing was highest in SF (996.2), followed by Z250 (831.8), TNB 
(723.6), Z350F (553.2), SDR (421.3), and FB (334.8). Polymerization shrinkage stress 
values (MPa) were: Z350F (3.51), TNB (2.42), Z250 (2.38), SF (2.36), FB (2.24), and SDR 
(1.68). The numbers of AE events were: Z350F (12.6), TNB (7.0), Z250 (7.0), FB (6.8), 
SF (6.6), and SDR (6.0). Z350F showed the highest polymerization shrinkage stress and 
AE event number (p < 0.05). SDR exhibited the lowest polymerization shrinkage stress (p 
< 0.05). The polymerization shrinkage stress for TNB, Z250, SF, and FB as well as the 
number of AE events for TNB, Z250, FB, SF, and SDR were not significantly different (p 
> 0.05).  
 
 
Conclusions. Composites that exhibited greater polymerization shrinkage stress generated 
more tooth-composite interfacial debonding. In contrast to similar outcomes among the 
non-flowable composites (conventional: Z250, bulk-fill: TNB and SF), the flowable bulk-
fill composites (FB and SDR) demonstrated lower polymerization shrinkage stress and 
tooth-composite interfacial debonding than did the flowable conventional composite 
(Z350F).  
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With the advancement of dental materials and clinical techniques, composites have become 
the most widely used direct restorative material to satisfy the patients’ esthetic demand for 
the restoration of dental caries, crown fractures, tooth wear, and congenital defects.   
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A major drawback of composite is polymerization shrinkage, which reportedly occurs in 
the range of 2-5% during polymerization.1-4 Polymerization shrinkage occurs as the 
distance between monomers is reduced when the weak van der Waals forces between 
monomers are converted into covalent bonds. Polymerization shrinkage generates stress at 
the tooth-restoration interface, resulting in de-bonding when the shrinkage stress surpasses 
the bond strength.5 This, in turn, leads to a number of potential clinical problems such as 
post-operative hypersensitivity, secondary caries, and pulpal inflammation as a result of the 
penetration of saliva, bacteria, and other irritating substances through the debonded 
interface.  
In order to minimize the stress from polymerization shrinkage, an incremental technique 
has been recommended,6,7 in which the composite is placed and light-cured in increments 
of less than 2 mm. The incremental layering of composite reduces the C-factor, which is 
defined as the ratio of the bonded surface area to the unbonded surface area of the 
restoration.8 This reduces the shrinkage stress at the tooth-composite interface by 
permitting the stress-relieving flow of composite from the unbonded surface to towards the 
bonded surface.  
Recently, bulk-fill composites have been developed to simplify the rather time-
consuming incremental procedure. Manufacturers claim that, opposed to conventional 
composites, bulk-fill composites can be placed in a single bulk layer because they generate 
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a lower polymerization shrinkage stress. In addition, bulk-fill composites have higher light 
transmission properties due to reduction of light scattering at the filler-matrix interface by 
either decreasing the filler amount or increasing the filler size.9,10 In this way, bulk-filling 
to a depth of 4-5 mm is achievable without significantly impairing the degree of conversion. 
According to viscosity, conventional and bulk-fill composites can be further classified 
into two types: non-flowable (high-viscosity) and flowable (low-viscosity) composites. 
Non-flowable composites (also known as paste or sculptable composites) are much more 
resistant to slumping and contain a greater amount of inorganic fillers. Flowable 
composites generally adapt better on the cavity wall, especially in irregular surfaces, and 
exhibit greater polymerization shrinkage and lower mechanical properties due to their 
lower filler contents. The inferior mechanical properties of flowable composites necessitate 
a 2-mm capping layer with a non-flowable composite when restoring areas subject to 
occlusal stress.10  
Since the advent of bulk-fill dental composites, numerous studies have been published 
on bond strength,11 cuspal deflection,12 degree of conversion,13 depth of cure,9,14-17 internal 
and marginal adaptation,18 mechanical properties,9,10,13,17,19 microleakage,12 shrinkage,16 
and shrinkage stress20. Despite the fact that manufactures claim that their bulk-fill 
composites have lower shrinkage stress, no studies have reported the debonding behavior 
of bulk-fill composites at the tooth-restoration interface compared to those of conventional 
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composites. Furthermore, the change in modulus of composites during polymerization 
plays a major role in the development of polymerization shrinkage stress; there is no study 
that has measured the development of the initial modulus of bulk-fill composites during 
polymerization.     
The aim of the present study was to measure the polymerization shrinkage, dynamic 
modulus, and shrinkage stress of bulk-fill and conventional composites during 
polymerization and to investigate the relationship between tooth-composite interfacial 
debonding and polymerization shrinkage stress of composites. The null hypotheses of this 
study were: 1) there would be no differences in the polymerization characteristics, 
including polymerization shrinkage, modulus, and shrinkage stress, between the bulk-fill 
and conventional composites and 2) the tooth-composite interfacial debonding behavior is 









2. Materials and Methods 
 
2.1. Materials  
The name, type, composition, and manufacturer of the composites used in the present study 
are listed in Table 1. Four bulk-fill: two non-flowable (SonicFill, SF; Tetric N-Ceram Bulk 
Fill, TNB) and two flowable (SureFil SDR Flow, SDR; Filtek Bulk Fill, FB) composites 
were compared with two conventional: one non-flowable (Filtek Z250, Z250) and one 
flowable (Filtek Z350 XT Flowable, Z350F) composites in terms of shrinkage strain, 
modulus, shrinkage stress, and debonding behavior at the tooth-composite interface during 
polymerization. SonicFill was sonic activated (SonicFill handpiece, Kerr, Orange, CA, 
USA) to dispense the material, as recommended by the manufacturer. An LED light curing 
unit (Elipar S10 LED, 3M ESPE, St. Paul, MN, USA) with an irradiance of 750 mW/cm2 
was employed to light-cure the composites.  
 
2.2. Measurement of axial polymerization shrinkage  
A modified bonded disc method21,22 was used to measure the axial polymerization 
shrinkage of the composite specimens (Fig. 1a). The instrument is comprised of a linear 
variable differential transformer (LVDT) probe (AX-1, Solartron Metrology, West Susssex, 
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UK) fixed on a vertical stage (Micro Motion Technology, Bucheon, Korea), equipped with 
a micrometer (Mitutoyo, Kawasaki, Japan) and a horizontal metal plate with a hole 
positioned under the LVDT probe. 
A fixed amount of composite was pressed between a slide glass and a flexible cover glass 
(Marienfeld, Germany). A spacer consisting of a metal wire with a diameter of 0.5 mm was 
used to produce a 0.5-mm-thick specimen with a diameter of 6 mm. The specimen was 
positioned beneath the tip of the LVDT probe, which was then set to the zero point using 
the micrometer. The LVDT detected the axial linear shrinkage caused by polymerization. 
For shrinkage measurements, the curing light (positioned 2 mm under the specimen) was 
turned on for 40 s after a 10 s baseline. The shrinkage values were stored on a computer 
using a data acquisition device (PCI-6024, National Instruments Co., Austin, Tx, USA) at 
a rate of 10 data points/s for 600 s. Five specimens were tested for each composite.  
 
2.3. Measurement of the initial dynamic modulus of composites 
during curing 
As in our previous studies,21,23 a custom-designed oscillation rheometer was used to 
measure the initial viscoelastic dynamic modulus change of the composites during light-
curing. The rheometer consists of three parts (Fig. 1b): (1) a measuring unit of parallel glass 
plates, between which the composite specimen was placed; (2) an oscillatory shear strain 
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induction unit with a DC motor and a crank mechanism; and (3) a stress-measuring unit 
using an electromagnetic torque sensor, composed of an electromagnetic actuator, a bi-cell 
photo diode (BCPD, SD 113-24-21-021, Advanced Photonix Inc., Camarillo, CA, USA), 
and a negative feedback servo amplifier. 
For specimen preparation, the end faces of the parallel glass plates, which were made of 
a glass rod with a diameter of 3 mm, were sandblasted with 50-μm Al2O3 powder and 
treated with a silane coupling agent (Monobond S, Ivoclar Vivadent, Schaan, 
Liechtenstein). A certain volume (approximately 14 mm3) of composite was placed into a 
2-mm gap between the upper and lower glass rods of the measuring unit (parallel plate 
geometry). The light guide was positioned 2 mm from the sample. 
A sinusoidal oscillating shear strain with an amplitude of 0.0091 at a frequency of 7 Hz 
was generated by the DC motor and crank mechanism and transmitted to the upper part of 
the measuring unit. The increase in the viscoelasticity of the composite sample during 
polymerization caused more shear force to be transmitted to the lower glass rod, as the 
upper rod of the measuring unit continuously oscillated. As a result, the arm of the torque 
sensor attached to the lower rod rotated from its null position, which changed the intensity 
of the infrared light from the LED to the BCPD. An electric voltage, generated by the 
BCPD, was fed to a servo amplifier. This allowed the current to flow into an actuator coil. 
Through this negative feedback mechanism, the arm of the torque sensor was always 
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maintained at the null position during the measurement, while the sensor measured the 
torque linearly without deviation. The driving current of the servo amplifier was 
proportional to the torque and was converted into a voltage and stored on a computer. 
The initial modulus changes were recorded during 20 s of light-curing. The output 
signals from the potentiometer and the torque sensor were stored on a computer at a 
sampling rate of 1,000 points/s for 20 s using a data acquisition board (USB-6016, National 
Instruments Co., Austin, TX, USA) and custom-made software using LabVIEW 7.1 
(National Instruments Co.). Five measurements were collected for each composite. 
From the measured shear strain and torque, the complex shear modulus, G* (Pa), was 





where T is the measured torque amplitude (Nm), H is the distance between the two parallel 
plates (m), ω is the oscillation amplitude (rad), and R is the radius of the parallel plates (m).  
 
2.4. Measurement of the polymerization shrinkage stress of 
composites 
An instrument was manufactured to measure the polymerization shrinkage stress of 
composites during photo-polymerization (Fig. 1c).  
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One end face of each 1-mm-thick glass slide was sandblasted and covered with semi-
transparent adhesive tape. After cutting a 4-mm-wide window in the center of the taped 
side of the glass slide, silane (Monobond S, Ivoclar Vivadent) was applied on the exposed 
sandblasted glass and air-dried. A thin layer of bonding agent (Adper Scotchbond Multi-
Purpose Adhesive, 3M ESPE) was applied on the window and light-cured for 10 s. The 
glass slide was fixed to a stage mounted on a voice coil motor (MGV52-20-0.5, Akribis 
Systems, Singapore), and another glass slide was fixed to a stage on the opposite side of 
the voice coil motor. The two glass slides were fixed on the shrinkage-stress measuring 
instrument and were positioned 2 mm apart in series, with the windowed sides facing each 
other. The space between the windows (8 mm3) was filled with one of the six composites. 
When the composite specimen shrank during polymerization, a linear encoder detected the 
micro-movement of the slide fixed to the voice coil motor as it was pulled toward the fixed 
slide on the left. In order to instantly eliminate deviation, the servo amplifier sent current 
proportional to the shrinkage force to the voice coil motor in order to maintain the original 
position of the glass slide fixed to the voice coil. The servo current was converted into a 
voltage, which was then stored on a computer via the data acquisition board. 
For stress measurements, after obtaining a baseline for 10 s, the curing light (positioned 
2 mm above the specimen) was turned on for 40 s. The polymerization shrinkage stress 
was recorded at a rate of 10 data points/s for 600 s. Each measurement was repeated five 
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times for each material  
 
2.5. Acoustic emission (AE) analysis during composite curing 
Thirty intact and caries-free extracted third molars were stored in a 0.5% chloramine-T 
solution. As in our previous study,24 the roots were horizontally sectioned at 5 mm below 
the CEJ, and the pulp was removed carefully using tissue forceps and a file. The occlusal 
surface of the teeth was ground to a flat surface, and class I cavities (mesio-distal length, 5 
mm; bucco-lingual width, 4 mm; depth, 3 mm; C-factor = 3.7) were created using a flat 
end cylindrical diamond bur. A 2-mm-diameter hole was made through the root in the 
mesio-distal direction so that the tooth could be attached to a glass slide with an elastic 
rubber band (Fig. 1d). Grease (Shin-Etsu Chemical Co. Ltd., Tokyo, Japan) was applied 
between the tooth and the glass slide. The cavities were etched with phosphoric acid 
(Etchant, 3M ESPE) for 15 s, rinsed with water, and then blotted dry. Primer (Adper 
Scotchbond Multi-Purpose Primer, 3M ESPE) and a bonding agent were then applied to 
the cavity walls and light-cured for 10 s. 
  An AE sensor (M204A, Rectuson, Sungnam, Korea) was attached to the glass slide with 
grease 1 cm from the tooth. After the cavity was filled with one of the six composites in 
bulk (60 mm3), a 20 s baseline was obtained. Then, the composite was photo-polymerized 
from the occlusal surface for 40 s. The tip of the curing light was positioned 2 mm from 
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the specimen during this treatment. Following light-curing, the tooth was covered with wet 
gauze to prevent cracking from dehydration, which could lead to false signals. AE signals 
generated as a result of debonding at the tooth-composite interface were recorded for 2,000 
s. The signals from the AE sensor were amplified (A1002, Rectuson) (2,500x) and stored 
on a computer using a data acquisition board (USB-6361, National Instruments Co.). The 
measurements were performed at a 2 MHz sampling rate, 2 ms duration, and 70 mV 
threshold.  
 
2.6. Statistical analysis 
The data were analyzed using one-way ANOVA followed by Tukey HSD post hoc 
comparison (α = 0.05). Correlation analysis was performed to investigate the relationship 









3.1. Axial polymerization shrinkage 
Representative curves of polymerization shrinkage (%) as a function of time for the six 
composites are presented in Fig. 2a. 
In decreasing order, the shrinkage strains after 600 s were: Z350F 3.53 (0.09), FB 3.05 
(0.05), SDR 2.99 (0.08), TNB 2.22 (0.06), Z250 2.09 (0.08), and SF 2.05 (0.05) (Fig. 2b). 
Shrinkage strains were similar among all of the non-flowable composites (conventional 
and bulk-fill), which demonstrated significantly less shrinkage than the flowable 
composites.  
 
3.2. Initial dynamic modulus  
The complex shear moduli (MPa) of composites during 20 s of light-curing are shown in 
Fig 3a. There were significant differences in the dynamic modulus (Fig. 3b) and the time 
(s) to reach a complex modulus (10 MPa and 100 MPa) (Fig. 3c) between the polymerizing 
composites. TNB showed the highest modulus at 5 s after light-curing, followed by SF, 
Z250, SDR, Z350F, and FB. However, at 20 s after light-curing, SF showed the highest 
modulus, followed by Z250, TNB, Z350F, SDR, and FB.  
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The time to reach the complex modulus of 10 MPa differed between materials, with SF 
and TNB being the fastest (2.2 s) and Z350F and FB being the slowest (4.7 s). The time to 
reach the complex modulus of 100 MPa was fastest in TNB (4.3 s) and slowest in FB (9.3 
s). 
 
3.3. Polymerization shrinkage stress 
Representative curves for the polymerization shrinkage stress (MPa) of composites as a 
function of time (during 600 s) are shown in Fig.4a. An instantaneous increase in the 
shrinkage stress occurred during the initial 10 s of light-curing; thereafter, a slow increase 
was observed until the curing light was turned off. This was followed by a significant 
increase before a plateau was finally reached. 
The maximum polymerization shrinkage stresses were, in decreasing order: Z350F 3.51 
(0.30), TNB 2.42 (0.16), Z250 2.38 (0.33), SF 2.36 (0.18), FB 2.24 (0.13), and SDR 1.68 
(0.18) (Fig. 4b). The lowest polymerization shrinkage stress was exhibited in SDR, while 
Z350F showed the highest polymerization shrinkage stress (p < 0.05). There were no 
statistical differences among TNB, Z250, SF, and FB (p > 0.05). 
 
3.4. Acoustic emission during composite curing 
The total AE events and amplitude distribution for 2,000 s after the initiation of light-curing 
14 
for each group are shown in Fig. 5a, and the total cumulative AE events as a function of 
time for each group are shown in Fig 5b. The mean numbers of AE events were, in 
decreasing order: Z350F 12.6 (1.34), TNB 7.0 (2.55), Z250 7.0 (1.22), FB 6.8 (1.79), SF 
6.6 (1.82), and SDR 6.0 (1.58) (Fig. 5c). The highest AE event number was observed in 
Z350F (p < 0.05), while no statistical differences were found among the rest of the 
composites: TNB, Z250, FB, SF, and SDR (p > 0.05).  
 
3.5. Relationship among the measured data 
The correlation coefficients of the measured stress with shrinkage, modulus, and the 
product of shrinkage and modulus were, respectively, 0.49, 0.13, and 0.68. The measured 












The present study measured the polymerization shrinkage, dynamic modulus, and 
shrinkage stress of six different composites in order to investigate the influence of two 
variables related to the properties of the composite material: the type (bulk-fill vs. 
conventional) and viscosity (non-flowable vs. flowable) of the composites.  
Polymerization shrinkage has been reported to inversely correlate with the amount of 
filler.1 In our study, the shrinkage strains of the flowable composites were higher than those 
of the non-flowable composites. Among the flowable composites, SDR showed the lowest 
shrinkage because it has a relatively high filler content compared to FB and Z350F. In 
addition, SDR contains a patented, modified UDMA (849 g/mol) that has a higher 
molecular weight than other monomers such as Bis-GMA (512 g/mol), Bis-EMA (496 
g/mol), EPBADMA (452 g/mol), and conventional UDMA (470 g/mol). Shrinkage can be 
reduced by decreasing the number of reactive sites per unit volume via increasing the 
molecular weight of a monomer;1,25 therefore, replacing conventional UDMA with the 
modified UDMA might be an additional contributing factor to the reduced shrinkage in 
SDR. 
In spite of the similar filler contents in Z350F and FB, the lower shrinkage observed in 
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FB can be explained by the exclusion of the commonly added TEGDMA (286 g/mol), 
which has approximately half the molecular weight of the aforementioned dimethacrylates. 
However, the effect of monomer molecular weight on shrinkage could not be rationally 
evaluated between the composites because the proportion of each monomer present in the 
composites is not reported by the manufacturers.  
Regarding the modulus development, higher modulus values were obtained in the non-
flowable composites. This finding is in agreement with the generally reported observation 
that the modulus of composites, which is in direct contrast with the shrinkage strain, 
increases with increased filler content.26-28 With the initiation of light-curing, the modulus 
of each material increased after a latent period of approximately 2 s in the non-flowable 
composites and 4 s in the flowable composites (Fig. 3a). This difference in latent period is 
related to the difference in the amount of filler incorporated into the composites. The lower 
filler content in the flowable composites appears to be responsible for the delayed modulus 
development (Fig. 3c). 
For all of the composites, we observed two periods of time where the polymerization 
shrinkage stress rapidly increased. The first increase was observed during the initial 10 s 
of light-curing. This was followed by a rather slow increase until the curing light was turned 
off. This finding is consistent with the results of Al-Qudah et al.,29 in that most of the 
polymerization reaction of a composite resin occurs immediately after light-curing. During 
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polymerization of a light-cured composite, the exothermic reaction of the composite and 
the radiant heat from the light-curing unit increase the temperature within the composite.30 
This causes a transient volumetric expansion of the composite, offsetting some of the 
developing shrinkage stress. The second marked increase in shrinkage stress was observed 
after the curing light was turned off and was attributed to the increase in composite 
shrinkage as a result of cooling.  
Shrinkage stress can be directly influenced by instrument compliance. Min et al.21 
reported that the major factor controlling stress when instrument compliance was allowed 
without a feedback mechanism was shrinkage strain. Alternatively, the shrinkage strain and 
elastic modulus played comparable roles in the development of shrinkage stress when the 
compliance was restricted with a feedback mechanism. For stress measurement, we 
employed an instrument using a voice coil motor with a feedback mechanism in order to 
minimize instrument compliance. 
The correlation coefficients of the measured stress with shrinkage (r = 0.49) and modulus 
(r = 0.13) were weak. On the other hand, the measured stress did positively correlate with 
the product of shrinkage and modulus at 20 s (r = 0.68). 
The AE technique was used in this study to evaluate the debonding behavior of 
composites in human teeth. The quality of the bonded interface can also be assessed by 
confocal microscopy,31 dye penetration,32 micro-computed tomography (micro-CT),33 
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microtensile bond strength,34 swept-source optical coherence tomography (SS-OCT),35 and 
SEM.36 However, these methods only provide post-evaluation of the interface after 
debonding has already occurred by polymerization shrinkage stress, and most of these 
methods require alteration of the test samples. In contrast, the AE technique enables non-
destructive evaluation of debonding at the adhesive interface in real-time during composite 
curing. This is achieved by capturing elastic waves with an ultrasonic sensor as interfacial 
debonding occurs in the areas where the bond strength fails to withstand the shrinkage 
stress.24 
Recent studies using this technique have confirmed that a slower rate of 
polymerization,24 better bonding surface,37,38 low-shrinkage composites,24,39 and lower C-
factor38,40 are strongly associated with better resistance to interfacial debonding, as 
evidenced by fewer AE events. Previous studies evaluated the tooth-composite interface 
after AE examination by SEM24,38 and micro-CT analysis,39 where a positive association 
between AE events and interfacial debonding was found; wider and more micro-gaps were 
relatively frequently observed in specimens that had more AE events. 
The shrinkage stress experienced by the composites was compared to the debonding 
behavior from the AE analysis in order to elucidate the relationship between them. A strong 
positive correlation (r = 0.95) was found between shrinkage stress and number of AE events, 
validating our second hypothesis. This finding corroborates previous studies that affirmed 
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the likelihood of interfacial debonding with increasing shrinkage stress.24,37-40 
The non-flowable composites exhibited similar AE event numbers, for both bulk-fill 
(TNB and SF) and conventional composites (Z250). In contrast, different shrinkage stress 
values and AE events were observed among the flowable composites. The bulk-fill 
flowable composites (FB and SDR) showed much better results than the conventional 
flowable (Z350F) composite; this could be explained by their lower shrinkage and modulus 
values. Among the bulk-fill composites, there were no significant differences in shrinkage 
stress or AE events, except for one of the flowable composites (SDR), which generated a 
significantly lower shrinkage stress. Therefore, the first hypothesis of this study, stating 
that bulk-fill and conventional composites would not exhibit different polymerization 
characteristics, was partially supported.  
In the present study, a single type of adhesive system (Adper Scotchbond Multi-Purpose) 
was used in order to facilitate standardized conditions, thereby allowing us to focus on the 
variables related to the material. Discrepant results might be observed if each composite 
was bonded with the corresponding adhesive system recommended by the manufacturers. 
However, the rationale for the use of a single adhesive system is based on the principle of 
resin bonding where the methacrylate group of the adhesive cross-links with the resin 
matrix of the composites. 
Within the limitations of this study, considering the similar results between the non-
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flowable composites, bulk filling of the non-flowable bulk-fill composites is not 
necessarily recommended over incremental layering of the conventional composite. In 
contrast, compared with the flowable conventional composite, the flowable bulk-fill 
composites showed better performance in terms of shrinkage stress and debonding behavior. 
Therefore, provided that flowable bulk-fill composites have the mechanical properties 
required to replace dentin for clinical function, the flowable bulk-fill composites 
(especially SDR) may be suitable for the core build-up of endodontically treated teeth or 
for filling deep cavities, assuming a 2-mm occlusal space is left for subsequent capping 
with a conventional non-flowable composite. Although occlusal capping requires an 
additional procedure, decreasing the convenience of the bulk-fill composites, the use of 
flowable bulk-fill composites is still time-saving for dentists compared to the use of 
conventional composites that require incremental layering and curing processes. 
Furthermore, clinicians would not need to worry about contamination or void formation, 
which can occur with the inadvertent placement of non-flowable composites between 
increments or at the tooth-composite interface, due to the relative difficulty in adaptation.  
Despite the benefits, the use of the bulk-fill composites has to be judiciously made. As 
compared to the non-flowable composites, the flowable bulk-fill composites tend to absorb 
more moisture,41 compromising the property of the material and the integrity of the bonding 
interface. Thus, an outer capping layer with a non-flowable composite over the flowable 
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composite is recommended not only in occlusal load-bearing area but also in all situations 
where direct exposure of the material to the oral fluid is anticipated. Therefore, it is 
important to note that the flowable bulk-fill composites should not be used to substitute the 
enamel; the flowable composites needs to be cautiously applied when the cavity has 
missing axial wall such as in Class II restorations because the material is likely to flow onto 
the outer cavity surface. Clinicians should keep in mind that bulk-fill composites cannot 
entirely replace conventional composites, and that the incremental technique is preferred 
over the bulk filling technique in order to minimize polymerization shrinkage stress, 













There were significant differences in the polymerization shrinkage, dynamic modulus 
development, and shrinkage stress among the composites. AE analysis confirmed a strong 
linear relationship between shrinkage stress and debonding at the tooth-composite interface. 
In terms of polymerization shrinkage stress and tooth-composite interfacial debonding 
behavior, the non-flowable bulk-fill composites (TNB and SF) do not seem to be 
advantageous compared to the non-flowable conventional composite (Z250), while the 
flowable bulk-fill composites (FB and SDR) demonstrated superior results compared with 
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Table and Figures 
 
Table 1. Composite materials used in this study 
 
Materials  







Filtek Z250  
(Z250, A2, N482264) 
C, NF Bis-GMA, Bis-EMA, TEGDMA, 
UDMA, zirconia, silica  
(82 wt% / 60 vol%) 
3M ESPE, 
St. Paul, MN, USA 
SonicFill 
(SF, A2, 5026722) 
B, NF Bis-GMA, TEGDMA, EBPDMA, 
silica, glass, oxide  
(83.5 wt% / 69 vol%) 
Kerr, 
Orange, CA, USA 
Tetric N-Ceram Bulk 
Fill 
(TNB, IVA, S09719) 
B, NF Dimethacrylates, polymer filler, 
barium glass, ytterbium trifluoride, 
mixed oxide (78 wt% / -) 
Ivoclar Vivadent, 
Schaan, Liechtenstein 
Filtek Z350 XT 
Flowable 
(Z350F, A2, N50234) 
C, F Bis-GMA, Bis-EMA, TEGDMA, 
zirconia, silica (65 wt% / -) 
3M ESPE, 
St. Paul, MN, USA 
SureFil SDR Flow 
(SDR, A2, 130630) 
B .B, F*  SDR patented UDMA, TEGDMA, 
EBPDMA, barium and strontium 
alumino-fluoro-silicate glass  
(68 wt% / 45 vol%) 
Dentsply, 
Konstanz, Germany   
Filtek Bulk Fill 
(FB, A2, N540884) 
B, F*  Bis-GMA, UDMA, Bis-EMA(6), 
procrylat resins, ytterbium 
trifluoride, zirconia, silica  
(64.5 wt% / 42.5 vol%) 
3M ESPE, 
St. Paul, MN, USA 
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Abbreviations: B, bulk-fill; C, conventional; NF, non-flowable; F, flowable. *, bulk-fill composites 
requiring a 2-mm capping layer as recommended by manufacturers. Bis-EMA, bisphenol-A 
polyethylene glycol diether dimethacrylate; Bis-GMA, bisphenol-A diglycidyl ether dimethacrylate; 
EBPDMA, ethoxylated bisphenol-A-dimethacrylate; TEGDMA, triethylene glycol dimethacrylate; 






















Figure 1. Schematic diagram of the instrument for (a) axial shrinkage measurement, (b) 
dynamic modulus measurement, (c) polymerization shrinkage stress measurement, and (d) 






Figure 2. (a) Shrinkage (%) as a function of time, and (b) shrinkage at 600 s.  










Figure 3. (a) Development of complex shear modulus (MPa) as a function of time. (b) 
Complex shear modulus at curing time of 5 s, 10 s, and 20 s. (c) Time (s) to reach a complex 
shear modulus of 10 and 100 MPa.  
Values with the same lower case letters are not significantly different among the materials 










Figure 4. (a) Representative curves of polymerization shrinkage stress (MPa). (b) 
Shrinkage stress at 600 s.  











Figure 5. (a) Total AE events and amplitude distribution. (b) Cumulative AE events as a 
function of time. (c) Mean number of AE events of each composite.  










Bulk-fill 복합레진 수복시  
치아-수복물 계면 파괴와 관련된  
중합수축, 탄성계수, 수축응력  
 
김 진 영 
서울대학교 대학원 치의과학과 치과보존학 전공 
(지도교수 이 인 복) 
 
1. 목적 
본 연구의 목적은 bulk-fill 복합레진과 conventional 복합레진의 중합수축, 
탄성계수, 중합수축응력을 측정하여 비교하고, 중합수축응력과 치아-레진 계
면 파괴와의 연관성을 알아보기 위함이다.   
 
2. 재료 및 방법 
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2 종의 non-flowable bulk-fill: SonicFill (SF)과 Tetric N-Ceram Bulk Fill 
(TNB), 2 종의 flowable bulk-fill: Filtek Bulk Fill (FB)과 SureFil SDR 
Flow (SDR, Dentsply), 1 종의 non-flowable conventional 복합레진: Filtek 
Z250 (Z250, 3M ESPE), 1 종의 flowable conventional 복합레진: Filtek 
Z350 XT Flowable (Z350F, 3M ESPE)을 사용하여 중합 시 발생하는 수축량, 
동적 탄성계수, 수축응력을 자체 제작한 장비를 이용하여 측정하였다(n = 5). 
복합레진 수복 시 발생하는 치아-레진 계면 파괴를 알아보기 위해 건전한 대
구치에 1급 와동을 형성하고 각 복합레진으로 충전한 후 음향방출 시험을 시
행하였다(n = 5).  
 
3. 결과 
중합수축(%)은 Z350F (3.53)에서 가장 높게 측정되었고, FB (3.05), SDR 
(2.99), TNB (2.22), Z250 (2.09), SF (2.05) 순으로 감소하였다. 복소전단 
탄성계수(MPa)는 SF (996.2), Z250 (831.8), TNB (723.6), Z350F (553.2), 
SDR (421.3), FB (334.8) 순으로 감소하였다. 중합수축응력(MPa)은 Z350F 
(3.51), TNB (2.42), Z250 (2.38), SF (2.36), FB (2.24), SDR (1.68)였다. 
음향방출 사상수는 Z350F (12.6), TNB (7.0), Z250 (7.0), FB (6.8), SF 
(6.6), SDR (6.0)였다. Z350F 에서 가장 높은 중합수축응력과 가장 많은 
음향방출 사상수가 측정되었고, SDR 에서 가장 낮은 중합수축응력이 
관찰되었다 (p < 0.05). TNB, Z250, SF, FB 의 중합수축응력과 TNB, Z250, 
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음향방출시험을 통해 치아-레진 계면부의 접착파괴와 중합수축응력 사이에 
강한 상관관계를 확인하였다. 중합수축응력 및 치아-복합레진 계면 파괴는 
non-flowable 복합레진(bulk-fill 복합레진과 conventional 복합레진)간에 
차이가 없었으나, flowable 복합레진에서는 bulk-fill 복합레진이 
conventional 복합레진 보다 중합수축응력이 낮았고 치아-복합레진 계면 파
괴가 적게 나타났다. 
 
                                                                                
주요어: 음향방출시험, bulk-fill 복합레진, 탄성계수, 중합수축, 중합수축응력 
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